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Status  Report  on  Red  Blood  Cell  Freezing: 

Biochemical  Modification  and  Freeze-Preservation  in  the 
Original  Polyvinyl  Chloride  Plastic  Collection  Bag 

Capt.C.  Robert  Valeri,  MC,  USNR;  David  A.  Valeri;  John  Anastasi; 

CDR.  Charles  Zaroulis,  MC,  USNR;  LCDR.  John  J.  Vecchione,  MC,  USNR* 

Recently  the  Naval  Blood  Research  Laboratory  has  been  freezing  red  blood  cells  in  a collection  system 
which  uses  either  a triple  or  a quadruple  bag  setup.  Blood  collection  and  red  blood  cell  biochemical  modifi- 
cation and  freeze-preservation  can  be  accomplished  with  this  system.  ' ■ c 

Freeze-preservation  of  red  blood  cells  has  been  going  on  at  the  Naval  Blood  Research  Laboratory  for  the 
past  15  years.  For  the  past  6 years,  we  have  been  biochemically  modifying  liquid-stored  red  blood  cells  to 
increase  their  2,3  DPG  and  ATP  levels  and  thus  improve  the  oxygen  transport  function  of  the  preserved  red 
blood  cells  upon  infusion.  Biochemically  modified  red  blood  cells,  or  ^rejuvenated'*’  red  blood  cells  as  they 
are  sometimes  referred  to,  can  be  freeze-preserved  or  not  as  the  situation  demands. 


Red  blood  cells  that  have  exceeded  their  mandatory  shelf-life  have  been  biochemically  modified  with  a 
solution  of  pyruvate,  inosine,  glucose,  phosphate,  and  adenine.  The  stored  red  blood  cells  are  incubated  with 
the  ‘''rejuvenation*'  solution  for  1 hour  at  37®  C.  Biochemically  modified  red  blood  cells  must  be  washed 
before  transfusion  whether  or  not  they  have  been  frozen  to  remove  the  additives  used  in  the  solution. 

/ H 

When  the  so-called  rejuvenated  red  blood  cells  are  to  be  freeze-preserved,  the  appropriate  concentration 
of  glycerol  is  added  after  the  incubation  process,  the  red  cells  are  concentrated  by  centrifugation  to  a hema- 
tocrit of  80  and  all  the  visible  supernatant  is  removed.  The  glycerolized  red  cell  concentrate  is  frozen 
by  storage  in  a mechanical  refrigerator  at  -80®  C.  The  frozen  red  cell  concentrate  is  thawed  by  placing  it  in 
an  agitating  water  bath  at  42®  C for  10  minutes.  Red  cell  washing  is  done  in  any  of  the  following  systems: 
manual  serial  centrifugation,  automated  serial  centrifugation  in  the  IBM  Blood  Processor,  continuous-flow 
centrifugation  in  the  non-programmed  Haemonetics  Blood  Processor  1 5,  or  continuous-flow  centrifugation 
in  the  Fenwal  Elutramatic.  The  wash  solution  consists  of;  50  ml  of  12%  sodium  chloride  and  1.5  liters  of 
0.9%  sodium  chloride  containing  glucose  and  phosphate.  Red  cell  recovery  after  thawing  is  about  97%  and 
after  washing  about  90%.  Supernatant  hemoglobin  after  washing  is  less  than  100  mg. 


With  the  new  blood  collection  system  reported  here,  the  cost  of  processing  can  be  reduced  at  least  50% 
and  the  storage  capacity  in  the  -80®  C mechanical  refrigerator  can  be  doubled..  Moreover,  the  potential  for 
contamination  of  the  blood  product  is  reduced.  Biochemically  modified  freeze-preserved  red  blood  cells 
have  been  used  successfully  in  a number  of  important  clinical  situations.  — - — 


Most  of  the  blood  collected  in 
blood  banks  throughout  the 
country  is  stored  at  4®  C as 
liquid  red  blood  cells  for  as  long  as 
three  weeks  in  an  anticoagulant  such 
as  acid-citrate-dextrose  (ACD)  or  cit- 
rate-phosphate-dextrose (CPD).  Liquid 
preservation  is  necessary  in  the  blood 
banking  system  because  donors  usually 
are  not  available  to  supply  fresh  blood 
during  emergency  situations.  Moreover, 
physicians  often  choose  to  use  red 
blood  cells  instead  of  whole  blood  be- 
cause patients  do  not  always  need  all 
the  components  in  whole  blood,  i.e., 
white  blood  cells,  platelets,  citrate, 
plasma  and  non-plasma  substances. 
In  certain  instances,  some  of  these 
components  may  even  be  harmful 
to  the  patient. 

•Naval  Blood  Research  Laboratory 
615  Albany  Street 
Boston.  Massachusetts  02118 


Freeze-preservation  procedures  were 
developed  primarily  to  provide  a sup- 
plemental supply  of  rare  red  blood 
cells  and  red  blood  cells  lacking  anti- 
gens that  produce  isosensitization. 
Freeze-preservation  has  also  been  used 
to  stockpile  the  red  blood  cells  of  cer- 
tain patients  in  anticipation  of  future 
autologous  transfusions. 

Freeze-preserved  red  blood  cells  are 
always  washed  before  transfusion  to 
remove  the  cryoprotective  agent,  gly- 
cerol. Washing  also  removes  significant 
amounts  of  isoagglutinins,  plasma  pro- 
teins and  non-protein  substances,  white 
cells  and  platelets,  some  of  the  hepati- 
tis B surface  antigen,  and  the  citrate 
used  in  the  anticoagulant  medium 
(Valeri,  1976).  Wlien  freeze-preserved 


red  blood  cells  are  washed,  the  white 
blood  cell  and  platelet  counts  are  usu- 
ally reduced  to  less  than  5%;  washing 
liquid-stored  red  blood  cells  reduces  the 
white  cell  and  platelet  counts  to  about 
15%  (Valeri,  1976).  The  presence  of 
white  blood  cells  and  platelets  in  trans- 
fused blood  may  sensitize  the  recipient 
to  future  platelet  and  granulocyte 
transfusions,  and  to  tissue  antigens  in 
the  kidney,  bone  marrow,  and  heart. 

Although  cryopreservation  has  been 
accepted  as  a means  of  stockpiling  rare 
and  selected  red  blood  cells  and  blood 
products  for  autologous  transfusion,  it 
is  still  considered  to  be  too  costly  for 
widespread  use.  Tliere  is  also  some  con- 
cern about  a potential  risk  of  contami- 
nation during  red  cell  washing.  Some 


profH>nents  of  cr>opreservati<'n  are 
worried  about  tlie  24-hour  post-wash 
storage  limitation  which  they  consider 
to  he  unreasonable  and  unnecessary  be- 
cause they  have  found  tliat  previously 
fri>/en  red  blood  cells  can  be  stored 
for  as  long  as  three  days  after  washing 
with  satisfactory  results  (Valeri,  147()). 

Restrictions  are  necessary , of  course. 
There  are  restrictions  regarding  the  24- 
hour  post-transfusion  survival  value  of 
preserved  red  blood  cells,  which  must 
be  at  least  IQfJc  at  the  time  of  transfu- 
-sion,  but  unfortunately  none  for  the 
oxygen  transport  function,  an  equally 
important  function. 

Valtis  and  Kennedy  (l')54)were  the 
first  to  describe  the  defect  in  respira- 
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tory  function  of  red  blood  cells  asso- 
ciated with  liquid  storage,  a defect 
which  usually  is  repaired  within  24 
hours  after  the  transfusion.  It  was  later 
established  that  this  defect  occurred  as 
a result  of  a reduction  in  the  level  of  2,3 
diphosphoglycerate  (2,3  DPCI)  during 
storage  of  red  blood  cells  in  a liquid 
anticoagulant  at  4^’  C (Benesch  and 
Benesch,  1967,  Chanutin  and  Curnish, 
1967).  About  .SO-^of  red  cell  2,3  DPG 
is  lost  within  48  hours  of  4“  C storage 
in  the  ACD  anticoagulant  (Figure  1). 
CPD  provides  better  maintenance.  Red 
cell  2,3  DPG  actually  increases  slightly 
during  the  first  48  hours  of  storage  in 
CPD,  although  the  level  docs  fall  to 
about  809f  of  normal  within  12  days 
of  storage  (Figure  1).  Red  blood  cell 
viability  and  function  are  well  main- 
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tained  at  4*’  C for  as  long  as  seven  days 
in  CPD  or  in  CPD  with  adenine,  but 
only  for  about  48  hours  in  ACD. 


Red  blood  cells  sitould  be  fro/.en 
when  their  2.3  DPG  levels  archiglicst; 
for  ACD-stored  red  blood  cells  this  is 
within  24  hours  of  collection,  and  for 
CPD-stored  red  blood  cells  within  five 
days  (Figure  1).  Red  blood  cell  2,3 
DPG  and  adenosine  triphosphate  (ATP) 
levels  are  not  significantly  different 
from  pre-free/.e  levels  after  free/e-pre- 
servation with  4(y;  W/V  glycerol  and 
storage  at  -80^’  C for  as  long  as  10 
years  (Valeri,  1976). 
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Figure  I.  Red  blood  cell  2,3  DKi,  ATP,  and  inorganic  phosphorus  levels  in  red  blood  cells.  Units  were  stored  in  ACD  or  CPD  for  as  long  as 
1 7 days  as  whole  blood  with  a hematiK'rit  value  of  45  V%  or  as  concentrated  red  blood  cells  with  hematocrit  values  of  from  70  V%  to  greater 
than  90  V%,  Units  of  whole  blood  and  units  of  red  blood  cell  concentrates  with  hematocrit  values  of  70  to  80  V%  were  not  mixed  during 
storage.  Each  unit  of  red  blood  cell  concentrate  with  a hematocrit  value  of  greater  than  90  V%  was  separated  into  two  equal  parts:  one  part 
was  mixed  during  storage  at  4**  C and  the  other  was  not.  ((From  Valeri,  1976.) 


OXYGEN  TRANSPORT  FUNCTION 
OR  PRESERVED  RED  BLOOD 
CELLS 

Red  bluud  cells  suffer  an  inipuir- 
inent  in  oxygen  transport  function 
during  liquid  storage  as  the  2,3  DPG 
level  falls,  but  the  function  is  restored 
in  vivo  (Valtis  and  Kennedy,  1954; 
Valeri  and  Hirsch,  1969;  Beuticr  and 
Wood,  1969).  Red  cell  affinity  for 
oxygen  is  measured  by  the  P50  value, 
which  is  the  partial  pressure  of  oxygen 
in  millimeters  of  mercury  at  which  50% 
of  the  hemoglobin  is  saturated.  Wlien 
red  blood  cells  have  2,3  DPG  levels  of 
about  I07r  at  the  time  of  transfusion, 
the  levels  increase  to  about  30%  within 
4 to  8 hours  after  transfusion,  and  to 
about  S(y/r  within  24  hours,  although 
resynthesis  is  slower  in  acidotic  and 
hypercarbic  patients  in  negative  phos- 
phorus balance.  Restoration  of  the 

2,3  DPG  level  to  25  to  30%  is  accom- 
panied by  a reduction  in  red  blood 
cell  affinity  for  oxygen. 

Oxygen  transport  function  is  espe- 
cially critical  during  the  4 to  8 hours 
after  transfusion.  An  increase  in  red 
blood  cell  affinity  may  necessitate  an 
increase  in  cardiac  output,  a, decrease 
in  mixed  venous  oxygen  tension,  or  a 
combination  of  these  two  to  provide  a 
stable  whole  body  oxygen  consump- 
tion. This  control  of  cardiac  output  is 
thought  to  be  related  to  tissue  oxygen 
tension  (Hechtman,  1976).  Further, 
several  organs  such  as  the  heart  itself, 
the  brain,  and  the  retina  are  especially 
sensitive  to  tissue  oxygen  tension, 
which  is  the  primary  mechanism  re- 
gulating the  volume  of  flow  through 
these  tissues.  Thus,  the  heart  must 
have  the  capacity  of  autoregulation  of 
flow  if  it  is  to  satisfy  its  oxygen  re- 
quirements. Failure  of  the  pump  to 
obtain  sufficient  oxygen  may  limit  car- 
diac output  and  put  the  entire  body 
in  jeopardy. 

Studies  of  resuscitation  procedures 
in  seriously  wounded  but  otherwise 
healthy  males  with  apparently  normal 
cardiovascular  systems  showed  suffi- 
cient oxygen  delivery  to  tissue  after 
two  to  three  blood  volume  exchanges 
of  low  2 .3  DPG  red  blood  cells  (Collins. 
1974,  1976;  Chance  ct  al.,  1969).  Al- 


though no  impairment  in  myocardial 
or  cerebral  blood  flow  was  seen  in  these 
young  men,  patients  with  arterioscle- 
rotic cardiovascular  diseases  who  have 
compromised  flow  to  the  heart  and 
brain  or  who  have  an  inability  to  lo- 
cally regulate  the  distribution  of  this 
flow  may  be  adversely  affected  by  the 
transfusion  of  red  blood  cells  with  low 

2,3  DPG  and  increased  affinity  for 
oxygen  (Valeri,  1976;  Valeri  et  al.,  to 
be  published). 


INCREASES  IN  RED  BLOOD  CELL 

2,3  DPG  //V  V/VO  DURING  ANEMIC 
HYPOXIA  (REDUCTION  IN  NUM 
BER  OF  CIRCULATING  RED 
BLOOD  CELLS)  AND  HYPOXIC 
HYPOXIA  (IMPAIRMENT  IN 
ARTERIAL  OXYGENATION  OF 
THE  BLOOD) 

In  patients  with  anemic  hypoxia  or 
hypoxic  hypoxia,  the  circulating  red 
blood  cells  develop  improved  capabi- 
lities for  delivering  oxygen  to  tissue  at 
high  tissue  oxygen  tension.  Wlien  the 
reduction  in  red  cell  volume-hemoglo- 
bin mass  is  gradual,  patients  usually  do 
not  exhibit  cardiorespiratory  symp- 
toms until  the  red  cell  mass  is  reduced 
to  at  least  one-third  the  normal  value. 


Tliroughout  this  period,  oxygen  con- 
sumption is  maintained  in  a basal  con- 
diton  and  blood  flow  is  not  increased. 
The  greater  the  reduction  in  led  cells, 
the  more  efficient  the  remaining  ones 
become  in  their  transport  of  oxygen 
from  the  lung  to  tissue.  Tlie  circulating 
red  cells  in  the  body  react  by  increas- 
ing the  2,3  DPG  levels.  Sliglitly  elevated 
blood  and  red  blood  cell  pH,  a reduc- 
tion in  arterial  pC02,  a reduction  in 
the  saturation  of  the  venous  blood, 
and  the  presence  of  inorganic  phos- 
phorus, all  are  involved  in  increasing 
the  red  blood  cell  2.3  DPG  level  in  vivo 
from  0.8  moles  DPG/mole  hemoglobin 
to  1.5  to  2.0  moles  DPG/mole  hemo- 
globin. 

BIOCHEMICAL  MODIFICATION 
IN  VITRO  OF  HUMAN  RED 
BLOOD  CELLS  PRIOR  TO 
FREEZING 

Solutions  containing  pyruvate,  ino- 
sine,  glucose,  phosphate,  and  adenine 
can  be  used  to  biochemically  modify 
red  blood  cells  in  vitro  to  increase  2,3 
DPG  and  ATP  levels  (Table  1).  Bio- 
chemical modification  increases  the  2,3 
DPG  and  ATP  levels,  but  it  also  im- 
proves the  red  blood  cell  24-hour  post- 
transfusion survival  (Valeri,  1974). 


Table  1.  Solutions  Used  to  Biochemically  Modify  Red  Blood  Cells  after 
Storage  in  ACD  or  CPD  at  4**  C for  as  Long  as  4 Weeks 


PIGPA  - 
SOLUTION  A 
(mmoles/liter) 

PIGPA  - 
SOLUTION  B 
(mmoles/liter) 

PIGPA  - 
SOLUTION  C 
(mmoles/liter) 

PIGPA  - 
SOLUTION  D 
(mmoles/liter) 

Pyruvate 

50 

100 

100 

125 

Inosine 

50 

100 

100 

125 

Glucose 

100 

100 

100 

100 

Na2HP04 

50 

200 

100 

75 

Adenine 

5 

5 

5 

5 

NaCl 

9 (gm/1) 

9 (gm/l) 

- 

5 (gm/1) 

mOsm/kg 

650 

650 

550 

670 

pH 

7.2 

7.2 

7.2 

7.2 

Note;  A 50  ml  aliquot  of  the  rejuvenation  solution  was  added  to  a unit  of 

whole  blood  or  a unit  of  concentrated  red  blood  cells  and  incubated 
at  37®  C for  one  hour  prior  to  glycerolization  and  freezing. 
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lluniai)  0-iH)sitivc  aiid  O-negative 
red  blood  cell  concentrates  with  hema- 
tocrits r>l'  70  to  ‘>0  V'7'  were  stored  at 
4"  C in  CPI)  (or  22  to  2M  days,  bio- 
chemically modiried  with  a solution 
containing  pyruvate,  inosine,  glucose, 
phosphate,  and  adenine  (PKiPA  Solu- 
tion A)  (Table  I ),  froAen  with  40‘X  W/V 
glycerol,  and  stored  at  -80‘’  C lor  3 to 
4 years.  After  thawing,  the  red  blood 
cells  were  waslied  with  2.2  to  3.2  liters 
of  sodium  chloride  solutions  before 
storage  in  a sodium  chloride-glucose- 
phosphate  solution  at  4^’  C for  24 
hours.  FreeAe-thaw  recovery  was  47%; 
freeA.e-thaw-wasli  recovery  was  greater 
than  4(y7  ;the  su|>ernatant  hemoglobin 
level  on  the  day  of  washing  was  less 


than  100  mg%,  and  the  su|)ernatant 
hemoglobin  level  was  about  200  mg'X' 
after  turst-wash  storage  at  4^’  C for  24 
hours  (Figures  2 and  3).  Tlie  red  cell 
ATP  level  on  the  day  of  wasliing  was 
12.S%  of  normal,  the  red  cell  2,3  DIXJ 
level  80“/;  of  normal,  and  the  red  cell 
aftinity  for  oxygen  was  normal  (Fig- 
ure 4),  After  storage  in  sodium  chlo- 
ride-glucose-phosphate solution  for  24 
hours,  the  red  cell  2,3  DKl  decreased 
to  about  bO*’!  of  norntal,  red  cell  ATP 
was  normal,  and  the  red  cell  alTmity 
for  oxygen  was  within  normal  limits. 
At  the  time  of  transfusion  the  red  cells 
were  concentrated  by  centrifugation 
and  all  of  the  supernatant  solution  re- 
moved. All  units  were  sterile.  Pools  of 


4 to  8 unitsof  washed  concentrated  red 
blood  cells  were  administered  through 
the  Swank  ultrapore  (liters  throughout 
a 4-hour  period,  and  no  untoward  cli- 
nical problems  were  observed.  In  all  14 
patients  in  the  study,  the  mean  24-hour 
post -transfusion  survival  value,  as  meas- 
ured by  an  automated  differential 
agglutination  procedure  (ADA),  was 
approximately  7S%,  and  the  lifespan 
was  about  90  days  (Figures  S and  6). 
The  recipient's  plasma  hemoglobin 
level  was  about  40  mg%  (Figure  7). 
Clinical  transfusion  demonstrated  that 
the  red  blood  cells  were  therapeutically 
effective  and  safe. 
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Figure  2.  Red  bliKHl  cells  were  stored  in  CPD  at  4“  C for  22  to  28  days,  rejuvenated  witti  PICPA  Solution  A (Table  I),  fnwen  and  stored  at 
-80"  C with  40%  W/V  glycerol  in  an  ionic  medium  for  3-1/2  to  4 years,  thawed,  and  washed  in  the  llaemonetics  Blood  Processor  IS  or  in  the 
Fenwal  Flutramatic  with  2.2  to  3.2  liters  of  sodium  chloride  solutions,  stored  at  4"  C for  24  hours  in  sodium  chloride-glucose-phosphatc  solu- 
tion, concentrated  by  centrifugation  to  remove  the  supernatant  solution,  and  transfused.  The  red  blood  cells  were  administered  through  the 
Swank  ultrapore  Tdter.  The  in  riin>  recovery  of  red  cells  after  the  frecze-thaw-wash  process,  the  24-hour  post-transfusion  survival  measured  by 
the  automated  differential  agglutination  (ADA)  procedure,  and  the  index  of  therapeutic  effectiveness  are  reported. 
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Figure  3.  Red  blood  cells  were  processed  as  reported  in  Figure  2.  The  supernatant  hemoglobin  level,  extracellular  potassium  ktn  level,  super- 
nalanl osmolality,  and  pH  are  reported  on  the  day  of  washing  snd  sfter  post-wash  storage  at  4"  C for  24  hours  in  sodium  chloride-glucose- 
phosphate  aolutton. 
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Figure  S.  The  post-tiinsfusion  survival  of  three  units  of  previously 
frozen  washed  red  blood  cells  transfused  to  N.  M.,  a 74-year-old 
female  with  bowel  obstruction  and  anemia.  The  red  blood  cell  sur- 
vival was  measured  by  the  automated  differential  agglutination 
procedure  (ADA).  The  anticoagulant,  the  length  of  storage  at  4°  C 
prior  to  freezing,  the  composition  of  the  solution  to  biochemically 
modify  the  red  blood  cells  prior  to  freezing,  the  concentration  of 
glycer^,  the  length  of  storage  at  -80°  C,  the  method  of  washing, 
and  the  length  of  post-thaw  storage  at  4°  C are  reported. 
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Figure  6.  The  post-transfusion  survival  of  five  units  of  previously 
frozen  washed  r^  blood  cells  transfused  to  I.  P.,  an  86-year-old  fe- 
male with  chronic  arthritis  with  anemia.  The  ted  blood  cell  survival 
was  measured  by  the  automated  differential  agglutination  procedure 
(ADA).  The  anticoagulant,  the  length  of  storage  at  4°  C prior  to 
to  freezing,  the  composition  of  the  solution  to  biochemically 
modify  the  red  blood  cells  prior  to  freezing,  the  concentration  of 
glycerol,  the  length  of  storage  at  -80°  C,  the  method  of  washing, 
and  the  length  of  post-thaw  storage  at  4°  C are  reported. 
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Figure  7.  Red  blond  cells  were  processed  as  described  in  Figure  2.  The  recipient  red  cell  mass  before  and  after  transfusion,  and  the  hemativ 
crit  and  plasma  hemoglobin  levels  before  and  after  transfusion  ate  reported. 


BIOCHEMICAL  MODIFICATION  OF 
OUTDATED  RED  BLOOD  CELLS 
TO  PREPARE  RED  BLOOD  CELLS 
WITH  1-1/2  TIMES  NORMAL  2,3 
OPG  AND  REDUCED  AFFINITY 
FOR  OXYGEN  PRIOR  TO 
FREEZING 


lliiinai)  0-[H'sitivc  and  O-ncijativc 
rod  blood  coll  concontiatos  with  lioina- 
UKrii  valiios  of  70  to  ^0  V‘1'  wore 
stored  in  (T’l)  for  22  to  28  days,  bio- 
choniically  inodiftod  with  a solution 
containinit  pyruvate,  inosino.  itlucoso. 
phospaluo.  and  adenine  (PK’iPA  Solu- 
tion H)  (Table  1 ).  frozen  with 4t>  i'W/V 
glycerol  and  stored  at  -80‘’  ('  for  up 
to  1 year.  .After  thawing,  the  led  blood 
cells  were  waslied  with  2.2  to  .T2  liters 
of  sodium  chloride  solutions  before 
storage  in  si'diiini  chloride-glucose- 
phosphate  solution  at  4'’  C'  foi  24 
hours.  I ree/e-thaw  recovery  w as  ; . 
the  liee/e-thaw-wash  recovery  was 
greater  than  ‘Kf . ; the  supernatant 
hemoglobin  level  on  the  day  of  wash- 


ing was  about  150  mg^  . and  the  super- 
natant hemoglobin  level  was  about  .100 
nig'T  after  [Hrst-wash  storage  at  4^’  C 
for  24  hours  (Figures  8 and  4).  Red  cell 
ATP  and  2.3  DlHl  levels  were  ISCW  of 
normal  on  the  day  of  wasliingand  after 
storage  in  sodium  chloride-glucose- 
phosphate  solution  at  4^'  C for  24 
hours  (Figure  10).  The  red  cell  alTinity 
for  oxygen  was  signit'icantly  decreased 
on  the  day  of  washing  and  after  storage 
at  4*’  ('  for  24  hours  (Figure  10).  At 
the  time  of  transfusion  the  red  cells 
were  concentrated  by  centrifugation 
and  all  the  supernatant  solution  re- 
moved. All  units  were  sterile.  Pools  of 
4 to  8 units  of  waslied  concentrated  red 
blood  cells  were  administered  through 
Swank  ultrapore  filters  throiighoirt  a 
4-hour  |ieriod  . and  no  untoward  cli- 
nieal  problems  were  observed.  In  all 
10  patients  in  the  study,  the  24-hour 
post-tiansfiision  survival,  as  measured 
b>  the  .AD.A  procodiiie.  was  approxi- 
mately 75''i''  and  the  lifespan  was 
about  ')()  da\s  (Figures  11  and  12). 
I'he  recipient's  plasma  hemoglobin 


level  was  about  50  mg'/I  (Figure  13). 
Clinical  transfusions  demonstrated 
that  the  red  blood  cells  were  therapeu- 
tically effective  and  safe. 

Post-thaw  wasliing  usually  reduces 
the  2.3  DPCi  less  than  KTT  of  the  pre- 
freeze  value.  Tlie  2.3  DIXJ  level  falls 
about  10‘,'c  for  each  day  of  red  cell 
storage  in  sodium  cliloride-glucose- 
phosphate  solution.  During  three  days 
of  post -thaw  storage,  there  is  a 30%  re- 
duction in  2,3  DPG  and  a minimal  re- 
duction in  red  cell  ATP,  and  the  I’sg 
value  is  reduced  about  1 mm  Hg  for 
each  24  hours,  with  a 3 mm  llg  de- 
crease during  the  three-day  period.  Red 
cell  viability  and  function  are  main- 
tained during  the  three-day  |xist-thaw' 
storage  period  at  d*’  C in  sodium  chlo- 
ridc-gliicose-pliosphate  solution.  On  the 
day  of  transfusion,  red  cells  are  con- 
centrated by  centrifugation  and  all  the 
supernatant  solution  is  removed.  The 
red  cell  concentrates  have  hematocrits 
of  40  V%  at  the  time  of  infusion 
through  ultrapore  filters,  and  excellent 
How  rates  are  achieved. 
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Figurr  8.  Red  bkMKl  cells  were  stored  in  fPO  it  4”  C for  22  to  28  d»ys.  rejuvenated  with  PICPA  Solution  R (TaMv  I),  frozen  and  stored  at 
-80*’  C with  40T-  W'V  glycetnl  in  an  ninic  medium  for  up  to  I year,  thawed,  and  washed  in  the  llarmonetics  BItHid  PtiKcssot  IS  w in  the 
Fenwal  Flutramatir  with  2.2  to  J.2  liters  of  siHliiim  chkrridc  solutions,  stirred  at  4*’C  for  24  hours  in  sodium  chhiride-glucose-phosphate  solu- 
tion, concentrated  by  centrifugation  to  remove  the  supernatant  solution,  and  transfused.  The  red  MihhI  c'ells  were  administered  through  the 
Swank  ullrapore  filter,  fhe  in  lirni  recovery  of  red  cells  after  the  free/e-thaw -wash  pnKess,  the  24-hour  post-transfusion  survival  measured  by 
the  automated  differential  agglutination  (ADA)  pnH-edure,  and  the  index  of  therapeutic  effectiveness  are  reported. 
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Figure  9.  Red  blood  cells  were  processed  as  reported  in  Figure  8.  The  supernatant  hemoglobin  level,  extracellular  potassium  ion  level,  super- 
natant osmolality,  and  pH  are  reported  on  the  day  of  washing  and  after  post-wash  storage  at  4°  C for  24  hours  in  sodium  chloride-glucose- 
phosphate  solution. 
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Figure  10.  Red  blood  cells  were  processed  u reported  in  Figure  8.  The  red  cell  23  DPG,  ATP,  and  potassium  ion  levels,  and  in  ritro  P^q  value 
(partial  pressure  of  oxygen  at  which  50%  of  the  hemoglobin  is  saturated)  are  reported  on  the  day  of  washing  and  after  post-wash  storage  at 
4°  C for  24  hours  in  sodium  chloride-glucose-phosphate  solution. 
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Kigure  1 1.  The  post-ltansfu!iion  survival  of  six  units  of  previously 
frozen  washed  red  blood  cells  transfused  to  E.  K.,  an  83-year-old  fe- 
male with  pancytopenia.  The  red  blood  cell  survival  was  measured 
by  the  automated  differential  agglutination  procedure  (ADA).  The 
anticoagulant,  the  length  of  storage  at  4"  C prior  to  freezing,  the 
composition  of  the  solution  to  bkH-hemkally  modify  the  red  blood 
cells  prior  to  freezing,  the  concentration  of  glycerol,  the  length  of 
storage  at  -80**  C.  the  method  of  washing,  and  the  length  of  post- 
thaw storage  at  4*^  C arc  reported. 


Figure  1 2.  The  post -transfusion  survival  of  four  units  of  previously 
frozen  washed  red  Mood  cells  transfused  to  L.  D.,  a 70-year-old  fe- 
male with  myiH'ardial  insufficiency  and  anemia.  The  red  blood  cell 
survival  was  measured  by  the  automated  differential  agglutination 
pnicedurc  (ADA).  The  anticx>agulant,  the  length  of  storage  at  4**C 
prior  to  freezing,  the  composition  of  the  solution  to  biochemically 
modify  the  red  blood  cells  prior  to  freezing,  the  concentration  of 
glycerol  and  the  length  of  storage  at  -80**  C,  the  method  of  wash- 
ing, and  the  length  of  post -thaw  storage  at  4**  C are  reported. 
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Figure  13.  Red  blood  cells  were  processed  as  described  in  Figure  8.  The  recipient  red  cell  mass  before  and  after  transfusion,  and  the  hematocrit 
and  plasma  hemoglobin  levels  before  and  after  transfusion  arc  reported. 


RESPIRATORY  FUNCTION  OF 
PRESERVED  RED  BLOOD  CELLS 
WITH  NORMAL  OR  DECREASED 
AFFINITY  FOR  OXYGEN 


During  extracorporeal  bypass  for 
coronary  artery  bypass  surgery,  one 
group  of  patients  received  either  fresh 
blood  or  concentrated  red  blood  cells 
that  had  been  stored  in  CPD  at  4^^  C 
for  3 to  5 days  and  had  70%  of  normal 
2,3  DPG  levels  and  normal  affinity  for 
oxygen  (control  group).  Another  group 
received  previously  frozen  red  blood 
cells  with  1-1/2  times  normal  2,3  DPG 
levels  and  decreased  affinity  for  oxy- 
gen. The  high  glyc  sol  method  of 
freeze-preservation  was  used  (40% 
W/V  glycerol  at  -80*^  C).  During  the 
immediate  post -operative  period,  myo- 
cardial function  was  significantly  bet- 
ter in  the  high  2,3  DPG  group  than  in 
the  control  group  (Dennis  et  al,,  1975). 


Baseline  preoperative  volume  load- 
ing with  crystalloids  was  performed, 
and  myocardial  performance  curves 
of  the  heart  were  obtained.  TTie  pa- 
tients were  studied  immediately  after 
coming  off  cardiopulmonary  bypass, 
at  which  time  red  blood  cells  were  used 
to  volume-load  the  left  ventrical. 
Twenty-four  hours  after  bypass,  albu- 
min was  used  as  the  volume  load . The 
response  of  the  heart  to  volume  load- 
ing with  crystalloid  before  surgery 
was  similar  in  the  two  groups  (Fig- 
ure 14).  Cardiac  output  immediately 
after  bypass  was  significantly  im- 
proved in  the  patiei  ts  who  received 
high  2,3  DPG  red  blood  cells.  At  a 
filling  pressure  of  10  mm  Hg,  cardiac 
output  was  2.0  liters/min-m2  in  the 
control  group,  and  3.0  liters/min-m2 
in  the  higli  2,3  DPG  group.  Tlie  dif- 
ference in  volume  loading  response  of 
the  heart  between  the  two  groups 
miglit  be  attributed  to  differences  in 


red  cell  2,3  DPG  levels,  the  fact  that 
citrate  was  infused  with  CPD-stored 
red  blood  cells  but  not  with  previously 
frozen  washed  red  blood  cells,  and 
possibly  the  presence  of  other  obscure 
vasoactive  agents. 

In  both  groups,  the  donor  red  blood 
cells  accounted  for  approximately  40% 
of  the  total  red  blood  cells  after  trans- 
fusion. The  mean  2,3  DPG  level  in  the 
high  2,3  DPG  group  was  about  12.5 
/jinoles/g  Hb,  and  in  the  control  group 
it  was  10.0  ;zmoles/g  Hb.  The  red  blood 
cell  affinity  for  oxygen  in  vivo  was 
3 mm  Hg  higher  in  the  high  2,3  DPG 
group.  Cardiac  output  after  bypass  was 
35%  higher  in  the  high  2,3  DPG  group 
at  the  same  filling  pressure  of  the  heart. 
Synthesis  of  red  blood  cell  2,3  DPG 
occurred  in  both  groups  during  the  24- 
hour  post -operative  pwriod.  Oxygen 
delivery  to  the  heart  was  better  in  the 
high  2,3  DPG  group. 
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Figure  14.  Volume  loading  of  the  left  ventrical  was  done  to  increase  pulmonary  arterial  wedge  pressure  (PAWP)  and  measure  cardiac  output 
response  in  patients  before  and  immediately  after  cardiopulmonary  bypass,  and  24  hours  after  the  surgical  procedure.  Patients  received  red 
blood  cells  with  lUffr  of  normal  2,3  DPG  levels  and  normal  affinity  for  oxygen,  or  1-1/2  times  normal  2,3  DPG  levels  and  decreased  affinity  for 
oxygen.  Volume  loading  curves  before  bypass  with  crystalloid,  just  off  bypass  with  blood,  and  24  hours  after  bypass  with  colloid  were  ana- 
lyzed in  a similar  manner.  Just  off  bypass,  the  cardiac  indices  in  the  lower  three  ranges  of  filling  pressure  were  significantly  higher  in  patients 
who  had  received  red  blood  cells  with  1-1/2  times  normal  13  DPG.  (From  Valeri,  1976.) 


When  the  leJ  cell  2..^  DIM  level  was 
increaseit  15  to  20‘»,  there  was  a 5 iiiin 
change  in  the  red  cell  P50  value;  car- 
diac output  was  about  35'  < greater  al- 
ter transt'usion  ol  red  blood  colls  with 
1-1  2 tunes  normal  2.5  DKi  than  after 
transfusion  of  rod  blood  colls  with  70'.' 
of  normal  2.}  DWi. 

lX)os  improved  oxygon  delivery 
mean  an>  thing  in  terms  of  morbidity 
and  mortality'.’  In  the  control  group, 
five  patients  roiiuirod  inotropic  agents, 
and  two  patients  required  intraaortic 
balloon  assistance.  In  the  high  2,.’ 
Dl’fi  group,  there  was  no  niorbidiiv , 
and  use  of  inotropic  agents  and  intra- 
aortic balloon  assistance  was  negligible. 

In  another  study  from  the  Naval 
Blood  Research  Laboratory,  when 
intermittent  perfusion  of  the  coronary 
circulation  was  (lerforined  during 
hypothermia,  red  blood  cells  with  in- 
creased 2.-5  Dl’f'i  levels  helped  to 
lessen  die  increase  in  red  blood  cell 
affinity  associated  with  this  treatment 
(Vecchione  et  al.,  unpublished  data). 
As  oxygen  delivery  improved,  oxygen 
tension  of  the  myocardium  increased, 
and  the  ischemic  damage  that  occurs 
with  hypothermia  and  during  the 
surgical  procedure  was  reduced. 

Questions  have  been  raised  regarding 
the  risk  of  contamination  during  bio- 
chemical modification  of  red  blood 
cells,  blit  sterility  has  been  maintained 
throughout  biochemical  modification, 
free/e-preservation,  washing,  and  post- 
wash storage  (I'llis  et  al.,  unpublished 
data).  Biochemically  modified  red 
blood  cells  need  not  necessarily  be 
fro/en.  but  they  must  be  w ashed  before 
transfusion.  Washing  reduces  the  levels 
of  inosine  and  adenine  which  may 
produce  hyperuricemia  and  2.8  di- 
oxyadenine  in  the  recipient  when  in- 
fused in  large  quantities. 

The  present  24-hour  post-wash 
storage  restriction  at  4‘’  C is  too  re- 
strictive. Red  cell  viability  and  function 
and  the  sterility  of  the  blood  product 
are  maintained  in  sodium  chloride- 
glucose-phosphate  solution  for  three 
days  after  thawing  and  washing.  On 
the  day  of  transfusion,  red  blood  cells 
are  concentrated  by  centrifugation, 
and  the  supernatant  solution  containing 
hemoglobin,  potassium  ion,  glycerol, 
and  reiuvenation  solution, are  removed. 


SIMPLIFICATION  OF  METHODS 
OF  BIOCHEMICAL  M'^DIFICATION 
AND  FREEZE-PRESERVATION  OF 
HUMAN  RED  BLOOD  CELLS 
WITH  40%  W/V  GLYCEROL  AND 
STORAGE  AT  -80°  C IN  THE  POLY- 
VINYL CHLORIDE  PLASTIC 
COLLECTION  BAG 

Al  the  Naval  Blood  Research 


Laboialory,  we  have  simplified  the 
method  of  biochemical  modilicaiion 
and  Iree/e-preservation  ol  led  blood 
cells.  With  this  new  system,  red  blood 
cells  can  be  "rejuvenated"  and  Iree/e- 
preserved  by  the  high  glycerol  (40'.' 
W/V)  method  in  the  same  polyvinyl 
chloride  plastic  bag  system  (I’L-l.fO) 
in  which  they  are  collected  (l  igures 
1 5 and  1 b). 


Figure  IS.  Biucliemical  inudiflealion  of  red  hliKitl  cell  concentrate  with  PKil’A  Solution  A,  B, 
C.  or  D.  addition  of  6.2  M glycerol,  removal  of  the  rejuvenation  solution  and  gtyeerot  solution, 
and  fro/en  storage  at  -KU°  C in  the  original  polyvinyl  chloride  plastic  collection  hag.  .Add  the 
SO  ml  volume  of  I’KiPA  Solution  A,  B,  C,  or  I)  Cl'ahle  I)  through  one  of  the  (xirts  of  the 
satellite  pack  integrally  attached  to  the  primary  collection  hag  using  an  Al  -B  connector,  then 
transfer  the  solution  into  the  primary  ixilyvinyl  chloride  plastic  hag  containing  the  red  cell  con- 
centrate with  a hematocrit  of  70  to  90  \7r\  incubate  the  ted  cell  concentrate  and  the  rejuvena- 
tion solution  for  I hour  at  37°  C'.  Add  SO  ml  of  6.2  M glycerol  solution  (maintained  at  22°  O 
through  the  second  port  of  the  satellite  pack  using  an  AF-7  connector  and  transfer  this  solution 
into  the  primary  collection  hag  containing  the  ted  cell  concentrate  with  agitation  using  the 
modifled  F'hethach  shaker  at  180  lateral  rotations  per  minute;  equilibrate  the  ted  cell-glycerol 
mixture  at  rtKim  temperature  for  Five  minutes;  then  add  another  SO  ml  of  glycerol  solution  with 
agitation,  equilibrate  at  room  temperature  for  two  minutes;  then  add  2S0  to  300  ml  of  glycerol 
solution  witii  agitation  to  achieve  a final  glycerol  concentration  of  40'?;  W/'\'.  Ttie  ted  bliMid  cells 
are  concentrated  by  centrifugation  at  3,000  rpm  (2,3SO  \ g)  for  seven  minutes,  and  the  superna- 
tant solution  is  removed  into  the  integrally  attached  .satellite  hag;  the  red  cell  concentrate  with 
a hamatoerit  of  80  \'%  is  frozen  hy  storage  in  a -80°  C mechanical  refrigerator. 
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Figure  16.  The  thawed  red  cells  arc  diluted  with  SO  ml  of  127r  NaCI  at  180  lateral  rotations  per 
minute  using  the  modined  F'berhach  shaker.  The  diluted  red  cells  are  equilibrated  at  nxrm  tem- 
perature for  two  minutes,  diluted  first  with  100  ml  of  0.97r  NaCI-glueose-phosphate  solution 
with  agitation  and  equilibrated  for  two  minutes,  and  then  diluted  with  ISO  ml  of  0.97(  NaC'l- 
gliicose-phosphate  solution  with  agitation  and  equilibrated  for  two  minutes.  11ie  diluted  ted 
cell  mixture  is  washed  with  0.9^7  NaC1-glucose-phosphate  solution  hy  manual  serial  centrifuga- 
tion, hy  automated  serial  centrifugation  in  the  IBM  BUxvd  Proces.sot,  or  by  continuous-fiow 
centrifugation  in  the  llaemonetics  Blixxl  Proces.sot  IS  or  the  Fenwal  Flutramatic. 
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When  glyceroli/.ation  is  coiiiplote, 
the  red  cell  mixture  is  concentrated  in 
an  RC-3  refrigerated  centrifuge  inainr 
tained  at  22^’  ±2*^’  C by  spinning  at 
3000  rpin  (2.350  x g)  for  seven 
minutes  with  minimal  hemolysis  (l-'ig- 
ure  21).  The  sU|iernatant  solution, 
about  350  ml  volume,  which  contains 
the  plasma,  rejuvenation  solution,  and 


Figure  19.  The  three-step  additiun  of  the 
6.2  M glycerol  to  the  ted  blood  cells.  The 
AF-7  plastic  tubing  connects  the  6.2  M gly- 
cerol bottle  to  one  port  of  the  integrally 
attached  satellite  bag.  The  glycerol  pa.sscs 
from  the  bottle  into  the  satellite  pla.stic  bag 
and  then  into  the  primary  collection  bag 
containing  the  red  blood  cells.  The  400  ml 
volume  of  6.2  M glycerol  is  added  to  the  red 
bhKHl  cell  concentrate  to  achieve  a Final 
glycerol  concentration  of  40rf  'iV/V. 


Figure  20.  The  primary  collection  bag 
containing  the  red  Mood  cells  and  glycerol 
solution  is  shown  after  the  three-step  addi- 
tion of  the  400  ml  of  6.2  M glycerol  solu- 
tion. The  glycerol  solution  is  added  to  the 
integrally  attached  satellite  plastic  hag  and 
then  transferred  to  the  primary  collection 
hag  containing  the  red  MimnI  cells. 


glycerol,  is  removed  (Figures  22  and 
23).  The  polyvinyl  chloride  plastic 
collection  bag.  containing  a unit  of 
red  cell  concenirate  with  dlX';  W/V 
glycerol,  is  placed  in  an  aluminum  con- 
tainer. and  this  is  placed  in  a refrigerator 
mainlained  at  -80‘’  ('  for  frozen 
storage.  Two  units  may  be  frozen  in 
the  aluminum  container  at  a time  if 
they  are  the  same  ABO  and  Rh  tyiK 
(Figure  24).  A paper  storage  container 
may  be  used  if  desired.  No  more  than 
four  hours  sltould  pass  between  the 
lime  the  liquid  red  cells  are  removed 
from  the  4^’  C refrigerator  and  the 
time  the  glyceroli/ed  red  blood  cells 
are  placed  in  the  -80*’  C mechanical 
freezer. 


Figure  21.  The  red  hliMxl  cell-glycen)l  mix- 
ture in  tlic  primary  plastic  collection  hag 
is  placed  in  an  Kf'-J  refrigerated  centrifuge, 
and  centrifuged  at  3()0U  rpm  (2,350  \ g) 
for  seven  minutes. 


Figure  22.  The  supernatant  solution  w'hieh 
contains  glycerol,  the  products  of  hemolysis 
as  a result  of  4**  C storage  and  glyccroliza- 
tion,  and  the  biochemical  modification  solu- 
tion is  removed  into  the  integrally  attached 
satellite  hag.  The  red  cells  shown  in  this 
picture  were  not  biochemically  modiFicd 
prior  to  glycerolization,  as  evidenced  by  en- 
try into  only  one  port  of  the  attached  satel- 
lite hag.  A second  port  can  be  used  to  add 
the  biochemical  modiFication  solution. 


Figure  23.  Ilie  supernatant  solution  is  re- 
moved from  tile  rt*d  blood  cell  concentrate 
containing  407r  W/V  glycerol.  The  integrally 
attached  satellite  bag  is  used  to  add  tlic 
solution  for  biochemical  modification  of  the 
red  hliNid  cells  and  for  the  addition  of  gly- 
cerol through  the  other  port.  After  centrifu- 
gation, the  supernatant  solution  is  transferred 
into  the  integrally  attached  satellite  bag,  and 
the  red  Mood  cell  concentrate  with  a hema- 
tocrit of  80  and  containing  407c  W/V 
glycciul  is  frozen. 


Figure  24.  Two  units  of  rcxl  blmsd  cells 
can  he  frozen  in  a single  aluminum  exm- 
taincr.  The  frozen  red  bliHid  cell  concen- 
trates contain  40%  W/V  glycerol  and  have 
hematocrits  of  about  80  V%.  11ie  polyvinyl 
chloride  pla-stic  bag  (PL-I30)  used  to  col- 
lect the  blood  can  be  used  to  freeze  the  red 
bl<x>d  cells  by  the  high  dycerol  method 
(40%  W/V  glycerol  at  -80*' Ci.  AnattachcHl 
satellite  bag  is  needed  to  add  the  “rejuve- 
nation" solution  and  the  glycerol  solution 
prior  to  freezing.  In  order  to  freeze  the  rcxl 
blood  cells  in  the  primary  collection  bag, 
either  the  triple  or  quadruple  bag  setup 
mu.st  be  used.  The  plasma  goes  into  one  of 
the  attached  satellite  bags.  The  red  hlood 
ccTI  concentrate  is  biochemically  modi- 
Fied  and  glycerolized  in  the  primary  col 
lection  hag  and  the  supernatant  solution 
is  transferred  into  an  integrally  attached 
satellite  bag.  Neither  of  the  ports  of  the 
primary  plastic  bag  is  entered  during 
freezing. 


Thawing  is  accomplished  by  im- 
mersing the  package  of  frozen  red  cells 
into  a constantly  agitating  water  bath 
at  42^'  C for  about  10  minutes  (Fig- 
ure 25).  A 50  ml  volume  of  1 2% sodium 
chloride  and  1 .5  liters  of  0.9%  sodium 
chloride  - glucose  - phosphate  solution 
maintained  at  room  temperature  (22*^ 
±2^’  C)  are  used  as  the  wasli  solution. 
The  red  blood  cells  are  diluted  first 
with  a solution  of  50  ml  of  1 2%  sodium 
chloride  and  then  with  a slightly  hyper- 
tonic 0.9%  sodium  chloride-glucose- 
phosphate  solution.  The  temperature  of 
the  wash  solution  sliould  be  22*^  C 
throughout  the  wash  cycle.  It  is  critical 
that  the  red  blood  cells  and  wash 
solutions  be  agitated  and  equilibrated 
for  two  minutes  to  pennit  the  glycerol 
within  the  red  blood  cells  to  be  dis- 
tributed into  the  volume  of  the  wasli 
solution  (Figure  26). 


h'iguie  25.  Red  cell  concentrates  frozen 
with  40%  W/V  glycerol  in  the  original 
polyvinyl  chloride  plastic  bag  system  are 
thaw'ed  at  42"  C for  about  10  minutes. 


Figure  26.  The  modified  Fbcthach  shaker  is 
used  to  dilute  the  gtycerolized  red  blood 
cells  with  50  ml  of  1 2%  Natl,  followed  by 
250  ml  of  0.9%  Natl-glucuse-phosphate. 
Step-wise  dilution  of  40%  W/V  gtycerolized 
red  cell  ctmcenirales  is  achieved  with 
periods  of  equilibration  between  each 
dilution:  initial  dilution  with  50  ml  of  12% 
NK1:  second  dilution  with  lOO  ml  of  0.9% 
Nat1-glucose-phosphale:  and  third  dilution 
with  1 50  ml  of  0.9%  NK1-g|ucose-phosphalc. 


Any  of  the  three  commercial  wash- 
ing systems  can  be  used.  A manual 
serial  centrifugation  wash  system  using 
a refrigerated  centrifuge  can  also  be 
used,  and  tltis  requires  no  special 
equipment. 


WASHING  IN  THE  IBM  BLOOD 
PROCESSOR 

Washing  is  accomplished  with  50  ml 
of  1 2%  sodium  chloride  and  1. 5 liters 
of  sodium  chloride-glucose-phosphate 
solution  in  the  following  manner;  the 
thawed  red  cells  are  diluted  with  50 
ml  of  1 2%  sodium  chloride  by  lateral 
agitation  at  ISO  exertions  per  minute 
on  a modified  Eberbach  shaker.  They 
are  stored  at  room  temperature  for 
about  two  minutes  after  which  they  are 
diluted  with  about  lOO  ml  of  0.9% 
sodium  chloride-glucose-phosphate  so- 
lution with  agitation,  equilibrated  at 
room  temperature  for  two  minutes, 
diluted  again  with  1 50  ml  of  0.9% 
sodium  chloride-glucose-phosphate 
solution  with  agitation,  and  equilibra- 
ted again  at  room  temperature  for  two 
minutes.  The  diluted  red  blood  cell- 
glycerol  mixture  is  transferred  into  the 
IBM  washing  bag  and  centrifuged  at 
3000  rpm  (1. 250  x g)  for  2-1/2 
minutes  (Figure  27).  The  supernatant 
is  removed  and  tlie  red  cells  are 
diluted  with  400  ml  of  sodium  chloride- 
glucose-phosphate  solution  with  agita- 
tion. The  red  blood  cells  are  tlien 
centrifuged  at  .?000  rpm  for  I -3/4 
minutes,  and  the  supernatant  solution 
is  decanted  into  the  waste  bag.  Twice 
more,  the  red  blood  cells  are  diluted 
with  400  ml  of  sodium  chloride-glu- 
cose-phosphate solution  centrifuged, 
and  the  sup  'iiatant  removed.  Tlie 
hematocrit  is  adjusted  to  40  V%.  and 
the  washed  red  blood  cells  are  trans- 
ferred into  a transfer  pack  and  stored 
at  4"  C until  the  time  of  transfusion. 
No  more  than  two  hours  should  pass 
between  the  time  of  thawing  and  the 
time  of  washing  and  storage  at  4"  C. 
Like  the  glycerol  solution,  the  wash 
solutions  of  1 2%  sodium  chloride  and 
0.9%  sodium  chloride-glucose-phos- 
phatc  must  be  warmed  to  room  tem- 
perature prior  to  use. 


When  washing  is  performed  by 
manual  serial  centrifugation  (batch 
washing),  the  red  cells  are  diluted  with 
50  ml  of  1 2%  sodium  chloride  and  250 
ml  of  0.9%  sodium  chloride-glucose- 
phosphate  solution  using  a two-step 
dilution  and  are  concentrated  by 
centrifugation  in  an  RC-3  Sorvall 
centrifuge  at  3000  rpm  (2,350  x g) 
for  five  minutes,  and  the  supernatant 
solution  is  removed.  The  red  blood 
cells  are  washed  on  three  separate 
occasions  with  400  ml  of  0.9%  sodium 
chloride-glucose-phosphate  solution  us- 
ing manual  serial  centrifugation. 


Figure  27.  The  thawed  red  cells  are  diluted 
with  50  ml  of  12%  NaO  at  ISO  lateral  rota- 
tions per  minute  in  the  Eberbach  shaker.  The 
diluted  red  cells  are  equilibrated  at  room 
temperature  for  two  minutes.  The  red  cells 
are  diluted  with  100  ml  of  0.9%  NaO-glu- 
cosc-phosphate  solution  with  agitation,  equi- 
librated for  two  minutes,  diluted  with  150 
ml  of  0.9%  NaQ-glucose-phosphate  solution 
with  agitation,  and  then  equilibrated  for 
two  minutes,  diluted  with  ISO  ml  of  0.9% 
NaCI-glucose-phosphate  solution  with  agita- 
tion, and  then  equilibrated  for  two  minutes. 
The  diluted  red  cell  mixture  is  concentrated 
by  centrifugation,  and  the  supernatant  so- 
lution is  removed.  Washing  is  accomplished 
by  dilution  centrifugation  on  three  separate 
occasions  with  400  ml  of  0.9%  NaCI-glu- 
cose-phosphate  using  the  automated  serial 
centrifugation  wash  protocol  in  the  IBM 
Blood  Processor. 
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After  thawing,  the  red  blued  cells 
are  diluted  with  50  ml  of  1 2%  sodium 
chloride  with  agitation  on  tlie  modi- 
fied Eberbach  slraker  at  180  lateral  ex- 
ertions per  minute.  They  are  equi- 
librated at  room  temperature  for 
about  two  minutes,  after  which  the 
red  blood  cell-glycerol  mixture  is 
diluted  with  100  ml  of  sodium  chlo- 
ride-glucose-phusphate  solution  and 
equilibrated  at  room  temperature  for 
two  minutes.  An  additional  150  ml 
of  0.9%  sodium  chloride  is  added  with 
agitation  to  fill  the  bag  completely, 
the  unit  is  equilibrated  at  room 
temperature  for  two  minutes,  and  the 
contents  are  transferred  into  the 
washing  bowl  using  a bypass  harness 
which  is  connected  to  the  modified 
Haemonetics  polycarbonate  bowl 
(Figure  28).  About  1.5  liters  of  0.9% 
sodium  chloride-glucose-phosphate  so- 
lution is  attached  to  the  stylette  of 
the  bypass  harness  containing  the  air 
vent.  The  1.5  liter  volume  of  sodium 
chloride  solution  is  maintained  at  a 
height  of  about  19  inches  from  the 
base  of  the  washing  bowl.  The  diluted 
red  blood  cell-glycerol  mixture  is 
maintained  at  a heiglit  of  about  21 
inches  from  the  base  of  the  washing 
bowl  during  transfer  into  the  modi- 
fied polycarbonate  bowl  at  about  100 
ml  per  minute  at  5900  rpm.  Wlien 
transfer  of  the  diluted  red  blood  cells 
is  complete,  the  0.9%  sodium  chloride- 
glucose-phosphate  solution  is  added 
(Figures  29,  30,  and  3 1 ). 

The  flow  rate  of  the  wash  solution 
is  controlled  with  the  modified  harness 
by  adjusting  the  heights  of  the  diluted 
red  cell  mixture  and  the  1.5  liter 
volume  of  sodium  chloride  solution. 
The  flow  rate  of  the  wash  solution 
through  the  recently  modified  poly- 
carbonate washing  bowl  should  not 
exceed  140  ml  per  minute.  Tlie  washed 
red  blood  cells  arc  transferred  into  a 
satellite  bag  and  stored  at  4^  C until 
transfusion. 


Figure  28.  The  Haemonetics  Blood  Proces- 
sor IS  is  used  to  recover  and  wash  the  di- 
luted glycerolized  red  cells  in  the  modifled 
polycarbonate  bowl.  The  centrifuge  is  spun 
at  5900  rpm.  After  thawing,  the  40%  W/V 
glycetolizni  red  cell  concentrate  with  a 
hematocrit  of  80  V%  is  diluted  first  with 
SO  ml  of  12%  NaQ,  then  with  100  ml  of 
0.9%  NaCI-glucose-phosphate,  and  then  with 
ISO  ml  of  0.9%  NaCI-glucose-phosphate,  us- 
ing the  modified  Eberbach  shaker.  The  red 
blood  cells  are  recovered  and  washed  with 
about  I.2S  liters  of  sodium  chloride-glucosc- 
phosphate  solution. 


Figure  29.  Using  the  Haemonetics  Blood 
Processor  IS,  the  bypass  harness  connects 
the  thawed  glyceroliz^  red  blood  cells,  the 
1 2%  NaCI,  the  0,9%  NaO-glucose-phosphate, 
and  the  washing  bowl.  The  red  blood  cells 
were  first  diluted  with  SO  ml  of  12%  NaQ, 
and  then  with  a total  of  2S0  ml  of  0.9% 
NaCI-glucose-phosphate  on  two  separate  oc- 
casions with  the  modified  Eberbach  shaker. 
The  diluted  red  blood  cells  were  held  about 
21  inches  above  the  base  of  the  washing 
bowl,  and  the  0.9%  NaO-glucose-phosphate 
solution  was  held  about  19  inches  above  the 
base  of  the  washing  bowl.  To  fill  the  bowl 
spun  at  S900  rpm,  the  flow  rate  of  the  blood 
is  about  100  ml  per  minute,  and  the  flow 
rate  of  the  wash  solution  is  about  140  ml 
per  minute. 


Figure  30.  Washing  red  blood  cells  frcczc- 
preserved  with  40%  W/V  glycerol  in  the 
bioriented  polyolefin  plastic  container.  The 
thawed  glycerolized  red  blood  cells  arc 
waslicd  with  3,2  liters  of  sodium  chloride 
solutions  using  gravity  flow  at  200  ml  per 
minute. 


Figure  31.  Red  blood  cells  containing  40% 
W/V  glycerol  with  a hematocrit  of  40  V% 
frozen  in  the  bioriented  polyolefin  plastic 
bag  are  washed  with  3.2  liters  of  sodium 
chloride  solutions  (on  the  left),  and  red  cell 
concentrates  containing  40%  W/V  glycerol 
with  a hematocrit  of  80  V%,  frozen  in  the 
primary  PL- 1 30  polyvinyl  chloride  plastic 
bag  us^  to  collect  the  blc^  are  washed  with 
I.S  liters  of  sodium  chloride  solutions  (on 
the  right). 
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WASHING  IN  THE  FENWAL 
ELUTRAMATIC 

The  software  used  in  tite  F-'enwal 
hlutrainutic  is  set  up  as  previously 
described  (Valeri,  1975).  Two  units 
can  be  waslied  at  one  time  (Figure  32). 
The  centrifuge  speed  is  set  up  at  3100 
rpni  at  a temperature  of  22^’  C.  After 
thawing,  the  red  blood  cells  are  diluted 
with  50  ml  of  12%  sodium  chloride 
with  agitation  at  about  ISO  lateral 
exertions  per  minute  using  the  modi- 
fied Fberbach  shaker.  The  mixture  is 
equilibrated  at  room  temperature  for 
about  two  minutes,  diluted  first  with 
100  ml  of  0.9%  sodium  chloride- 
glucose-phosphate  solution  with  agita- 
tion, equilibrated  at  room  temperature 
for  two  minutes,  and  then  diluted  with 
1 50  ml  of  0.9%  sodium  cliloride- 
glucose-phosphate  solution  with  agita- 
tion, and  equilibrated  again  at  room 
temperature  for  two  minutes.  The 
mixture  is  transferred  into  the  special 
washing  bag  at  about  5(X)  ml  per 
minute.  The  red  cells  are  decanted 
into  the  waste  bags,  the  centrifuge  is 
turned  on,  and  for  30  seconds  no 
washing  fluid  is  allowed  to  enter  the 
wasliing  bag.  The  sodium  chloride- 
glucose-phosphate  solution  is  then 
delivered  into  the  washing  bag  at 
about  100  ml  per  minute.  The  time 


delay  switch  is  set  for  30  seconds,  the 
first  timer  is  set  for  seven  minutes  for 
the  first  liter  of  wash  solution,  and 
the  second  timer  is  set  for  eiglit 
minutes  for  die  second  liter  of  wash 
solution.  The  hematocrit  of  the 
washed  unit  is  40  V%.  The  waslied 
red  cells  are  not  concentrated  in 
the  centrifuge,  but  are  transferred 
to  a plastic  transfusion  bag  at  about 
500  ml  per  minute,  and  are  stored 
at  4*^  C in  sodium  chloride-glucose- 
phosphate  solution  until  transfusion. 

All  three  systems  use  the  same  wash 
solutions:  50  ml  of  12%  sodium 
chloride  and  1 .5  liters  of  0.9%‘  sodium 
cliloride-glucose-phosphate.  The  sodi- 
um chloride-glucose-phosphate  solu- 
tion is  also  used  as  the  storage  medium 
at  4«  C. 

Red  blood  cells  freeze-preserved 
with  40%  W/V  glycerol  and  washed  in 
any  one  of  die  three  previously 
mentioned  systems,  have  hematocrit 
values  of  about  40  V%,  It  is  recom- 
mended that  the  red  blood  cells  be 
concentrated  to  hematocrit  values  of 
90  V%  prior  to  transfusion  by  cen- 
trifugation of  the  red  blood  cells  and 
removal  of  the  visible  supernatant 
solution. 
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Figure  32.  The  thawed  red  cellt  are  diluted  with  SO  ml  of  12%  NaQ  at  180  lateral  rotations  per 
minute  using  the  modified  F.berbach  shaker.  The  diluted  red  cells  are  equilibrated  at  room  tem- 
perature for  two  minutes.  The  red  cells  arc  diluted  with  100  ml  of  0,9%  NaCI-glucose-phosphate 
solution  with  agitation,  equilibrated  for  two  minutes, diluted  with  ISO  ml  of  0,9% Nad-glucose- 
phosphale  solution  with  agitatkin,  and  then  equilibrated  for  two  minutes.  The  red  Mood  cells  in 
the  rini  cell  mixture  are  recovered  and  washed  with  I.2S  liters  of  0.9%  NaO-glucoae-phosphate 
solution  by  continuous-flow  centrifugation  in  the  Fenwal  Flutramatic.  Two  units  of  red  MimmI 
cells  are  washed  at  the  same  time. 


When  red  blood  cells  are  frozen 
with  40',^  W/V  glycerol  in  the  primary 
collection  bag,  about  b7<  of  the  red 
blood  cells  are  osmotically  damaged 
during  addition  and  removal  of 
glycerol.  Frec/e-thaw  damage  of  less 
than  2%  occurs  when  red  blood  cells 
are  frozen  in  the  original  polyvinyl 
chloride  plastic  bag.  stored  at  -80“ 
and  thawed  at  42“  C for  about  10 
minutes.  Overall  in  vitro  results  show 
that  greater  than  dO*’?  of  the  red  blood 
cells  are  recovered,  and  residual 
supernatant  hemoglobin  level  is  less 
than  100  mg/?.  Non-rejuvenated  red 
blood  cells  and  indated-rejuveiiated 
red  blood  cells  have  24-hour  post- 
transfusion survivals  of  about  90/?. 
Outdated-rejuvenated  red  blood  cells 
had  24-iiour  post  transfusion  survivals 
of  about  75%. 

Overall  freeze-thaw  and  freeze- 
thaw-wasli  recoveries  and  su|)ematant 
hemoglobin  levels  for  red  blood  cells 
frozen  in  the  primary  collection  poly- 
vinyl chloride  bag  are  equal  to  or 
better  tliaii  the  results  obtained 
when  red  blood  cells  are  frozen  with 
the  established  higli  glycerol  freeze- 
preservation  method  (Valeri,  1975). 
An  accelerated  loss  of  potassium  ion 
during  post-thaw  storage  at  4“  C 
in  sodium  chloride-glucose-phosphate 
solution  has  been  observed  in  red 
blood  c'ells  frozen  in  tlie  primary 
collection  bag,  but  this  has  not  been 
associated  with  a concomitant  loss  of 
hemoglobin.  The  cause  of  tlie  po- 
tassium ion  leak  is  still  unresolved. 

The  potassium  ion  loss  from  red 
blood  cells  has  not  been  a serious  prob- 
lem because  we  concentrate  tlie  red 
blood  cells  by  centrifugation  and  re- 
move the  sufiernatant  solution  prior 
to  transfusion.  Red  blood  cells  frozen 
by  the  established  higli  glycerol  niethod 
have  been  stored  for  at  least  three  days 
at  4“  C in  a sodium  cliloride-glucose- 
phosphate  solution  with  no  sign  of 
contamination,  excellent  maintenance 
of  post-transfusion  circulation,  satis- 
factory oxygen  transport  function, 
and  minimal  spontaneous  hemolysis 
(Valeri,  1975).  No  special  freezing  bag 
is  needed  with  tlie  nuxlified  higli 
glycerol  method,  and  a smaller  volume 
of  wash  solution  (1 .5  liters)  is  used.  In 
addition,  tlie  storage  capacity  of  the 
-80“  C mechanical  refrigerator  is  in- 
creased by  1 00%. 


Table  2.  Justification  of  Washed  Freeze-Preserved  Red  Blood  Cells 


1 . Rare  and  selected  red  blood  cells. 

2.  Autologous  transfusion. 

3.  Red  blood  cells  low  in  white  blood  cells  and  platelets  for  transplant 
recipients. 

4.  Reduction  in  Hb^Ag  antigen  and  other  viral  agents. 

5.  Salvaging  universal  donor  red  blood  cells  (rejuvenation  of  outdated  red 
blood  cells)  for  freeze-preservation. 

6.  Red  blood  cells  with  1-1/2  to  3 times  normal  2,3  DPG  levels  and  with 
decreased  affinity  for  oxygen  (rejuvenation  of  indated  and  outdated 
red  blood  cells)  for  freeze-preservation. 

7.  Reduction  in  plasma  protein  (IGA,  IGG,  and  IGM). 

8.  Removal  of  vasoactive  substances  (angiotensin,  serotonin,  bradykinin). 


We  are  presently  in  the  process  of 
trying  to  determine  the  etiology  of  the 
potassium  ion  loss  during  the  post-thaw 
storage  period,  whether  it  be  the  plastic 
used  or  whatever. 

The  studies  reported  here  show  the 
value  of  biochemically  modifying  red 
blood  cells  to  restore  or  increase  their 
2,3  DPG  and  ATP  levels  and  thus  im- 
prove the  transport  of  oxygen  to 
tissue.  Biochemically  modified  red 
blood  cells  can  be  freeze-preserved 
with  40%  W/V  glycerol  at  -80®  C in 
the  same  polyvinyl  chloride  plastic 
bag  in  which  the  blood  is  collected.  All 
of  these  procedures  add  to  the  cost  of 
the  blood  product,  but  do  provide  a 
superior  product  (Table  2).  Moreover, 
when  considered  on  a wider  scope, 
using  biochemical  modification  to 
“rejuvenate”  red  blood  cells  for  freeze- 
preservation  in  the  long  run  would 
prove  to  be  a more  economical 
approach  since  the  amount  of  waste 
associated  with  the  present  system  of 
blood  banking  could  be  reduced 
significantly,  the  acute  blood  shortages 
could  be  eliminated,  and  the  patients 
would  be  receiving  a better  blood 
product. 
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can  be  accomplished  with  this  system. 

Freeze-preservation  of  red  blood  cells  has  been  going  on  at  the  Naval  Blood 
Research  Laboratory  for  the  past  15  years.  For  the  past  6 years,  we  have  been 
biochemically  modifying  liquid-stored  red  blood  cells  to  Increase  their  2,3  DPG 
and  ATP  levels  and  thus  Improve  the  oxygen  transport  function  of  the  preserved 
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red  blood  cells  upon  infusion.  Biochemically  modified  red  blood  cells,  or 
"rejuvenated”  red  blood  cells  as  they  are  sometimes  referred  to,  can  be  freeze- 
jreserved  or  not  as  the  situation  demands.  I 

led  blood  cells  that  have  exceeded  their  mandatory  shelf-life  have  been  bio- 
chemically modified  with  a solution  of  pyruvate,  inosine,  glucose,  phosphate, 
snd  adenine.  The  stored  red  blood  cells  are  incubated  with  the  "rejuvenation" 
solution  for  1 hour  at  37  C.  Biochemically  modified  red  blood  cells  must  be 
cashed  before  transfusion  whether  or  not  they  have  been  frozen  to  remove  the 
idditives  used  in  the  solution. 

ilhen  the  so-called  rejuvenated  red  blood  cells  are  to  be  freeze-preserved,  the 
appropriate  concentration  of  glycerol  is  added  after  the  incubation  process,  the 
red  blood  cells  are  concentrated  by  centrifugation  to  a hematocrit  of  80  VX, 
and  all  the  visible  supernatant  is  removed.  The  glycerolized  red  cell  concen- 
trate is  frozen  by  storage  in  a mechanical  refrigerator  at  -80  C.  The  frozen 
red  cell  concentrate  is  thawed  by  placing  it  in  an  agitating  water  bath  at  42  C 
for  10  minutes.  Red  cell  washing  is  done  in  any  of  the  following  systems: 
manual  serial  centrifugation,  automated  serial  centrifugation  in  the  IBM  Blood 
Processor,  continuous-flow  centrifugation  in  the  non-programmed  Haemonetics 
Blood  Processor  15,  or  continuous-flow  centrifugation  in  the  Fenwal  Elutramatic. 
The  wash  solution  consists  of:  50  ml  of  12%  sodium  chloride  and  1.5  liters  of 
0.9%  sodium  chloride  containing  glucose  and  phosphate.  Red  cell  recovery  after 
thawing  is  about  97%  and  after  washing  about  90%.  Supernatant  hemoglobin  after 
washing  Is  less  than  100  mg. 

With  the  new  blood  collection  system  reported  here,  the  cost  of  processing  can 
be  reduced  at  least  50%  and  the  storage  capacity  in  the  -80  C mechanical 
refrigerator  can  be  doubled.  Moreover,  the  potential  for  contamination  of  the 
blood  product  is  reduced.  Biochemically  modified  freeze-preserved  red  blood 
cells  have  been  used  successfully  in  a number  of  important  clinical  situations. 
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